Abstract: Depolymerization and monomer recovery from polycarbonate (PC) by methanolysis was investigated. Methanolysis with molar ratios of methanol to polycarbonate ranging from 12.5 to 50 was carried out from 170 
Introduction
Because of its good transparency, excellent thermal stability, low moisture absorbency, and attractive mechanical properties, polycarbonate (PC) is now used in a wide range of industrial applications, especially in manufacturing audio, video and interactive software media [1] . The large amounts of solid waste products emerging from PC are rapidly developing into a threat to our environment. Waste management or resources to recover the wasted plastic products is a very important issue world wide for both environmental protection and economics benefits.
Recovering any possible valuable products from the waste plastics by chemical (or feedstock) recycling methods, including degradation, methanolysis and hydrolysis, has attracted great attention in the previous few years. Methanolysis, as well as hydrolysis, is an environmental friendly recycling approach to recover monomer(s) from plastics or waste plastics. Both methods can depolymerize specific plastics in a solvent of methanol or water under suitable depolymerization conditions, especially at high-temperature and high-pressure. By using these efficient methods, either monomer(s) of the plastics can be recovered or useful hydrocarbon compounds can be obtained. Depolymerization of plastics at supercritical or subcritical state will recover monomer(s) of plastics efficiently without adding catalysts. This method has recently attracted much attention. Methanolysis of plastics in supercritical or subcritical state (critical temperature and pressure of methanol are 239.4 0 C and 8.09 MPa, respectively) has been found to depolymerize poly(ethylene terephthalate) [2] [3] [4] [5] , poly(trimethylene terephthalate) [6] [7] [8] , poly(butylene terephthalate) [9] , polyurethane form [10] , and phenol resin fiber [11] . In addition, hydrolysis in supercritical or subcritical region of water (critical temperature = 374.5 0 C, critical pressure = 22.10 MPa) have been applied to depolymerize polyethylene [12, 13] , nylon 66 [14] , polycarbonate [15] , poly(ethylene terephthalate) [12, 16] , and polyvinyl chloride [17~20] . Some other organic solvents have also been found to depolymerize polyisoprene in toluene, polystyrene in acetone, benzene, toluene, ethylbenzene, and p-xylene [21~24], and polycarbonate in benzene [25] . But reports on methanolysis of polycarbonate at high-temperature and high-pressure are rare in previous literature [26] .
This study estimates the recovery of two monomers of polycarbonate, bisphenol A (BPA) and dimethyl carbonate (DMC), in methanol with a batch type autoclave reactor at temperatures between 170 0 C and 300 0 C (corresponding methanol pressures are between 2.25 and 7.20 MPa), with molar ratios of methanol to polycarbonate ranging from 12.5 to 50, and for reaction times up to 30 min. We look forward to finding the optimal methanolysis condition and obtaining the best monomers recovery of BPA and DMC from the polycarbonate.
Results and discussion

Products characterization -Solid product
If solid residue could be found in the reactor at the end of depolymerization, this is probably undecomposed polycarbonate. The solid residue was white when depolymerization was at low temperatures and darker as the temperature was increased. In addition, the amount of solid residue decreased as the reaction temperature increased. The solid residue can be confirmed as undepolymerized polycarbonate by comparing the analysis results of the thermogravimetric analyzer, elemental analysis, and Fourier-Transform infrared. The main elements on the polycarbonate frame structure are carbon, hydrogen, and oxygen. The weight percentage of carbon and hydrogen in the sample could be determined by elemental analysis and the balance weight percentage of 100% is oxygen. The data of weight percentages of carbon, hydrogen, and oxygen, as well as the weight ratio of C/H for the fresh polycarbonate are listed in Table 1 The result of FTIR analysis for fresh PC sample and solid product is demonstrated in Figure 2 . The spectrum of solid product is very similar to that of fresh sample. The FTIR characteristic peaks of standard polycarbonate can be found from the Polymer Handbook [27] . The spectra of fresh PC sample and solid product both agree well with the standard PC. A similar result from FTIR for PC characterization by Delpech et. al. [28] was also previously found. The following characteristic peaks were used to identify the PC structure.
The wavenumbers of 2970, 2875 and 1378 cm -1 represent the bonds of C-H in the methyl group with symmetrical and asymmetrical bending mode. Peaks with wavenumbers of 1775 and 1465 cm -1 correspond to the bonds of O-(C=O)-O in the carbonyl group and C=C in an aromatic ring with stretching vibration mode, respectively. Bonds of carbonate aryl-O-aryl C-O stretch, carbonate C-O stretching and out-of-plane aromatic C-H wags vibration have wavenumbers of 1230, 1160 and 830 cm -1 , respectively. Those FTIR characteristic peaks appear on the spectra of the solid product and represent the same structure as the fresh polycarbonate. In combination with all the results of solid product characterization, the solid product existing at the end of the methanolysis can be confirmed as polycarbonate.
Fig. 2. FTIR spectrums of fresh PC sample (A) and solid product (B).
-Liquid product
Gas chromatography-mass spectroscopy (GC-MS) and gas chromatography (GC) was used to analyze the number and species of compounds in the liquid product. The GC-MS chromatogram of liquid products is illustrated in Figure 3 .
Fig. 3. GC-MS chromatogram of liquid product.
Seven compounds (the solvent methanol was excluded) were found in the chromatogram and each compound was identified by comparison of mass spectra with the library data kit of NIST Ver. 5. The number of products produced by methanolysis for polycarbonate is obviously less than by thermal degradation [29] . Table 2 summarizes the retention time and mass fragmentation pattern of the seven compounds in liquid product. Among these products, dimethyl carbonate and bisphenol A are the monomers of polycarbonate and two other important byproducts, phenol and 4-tertbutylphenol, were also in the liquid phase.
Fig. 4. GC-FID chromatogram of liquid product.
Peaks in the GC-MS chromatogram corresponding to dimers or trimers of polycarbonate were not found indicating that the oligomers were not formed or only an undetectable amount was formed during the methanolysis. The chromatogram of liquid product with GC-FID is shown in Figure 4 . The results also show the number of peaks in GC (the peak of methanol was excluded) analysis is identical to the results of GC-MS. The retention time of each pure compound in GC-FID was used to compare the corresponding time in GC-MS to reconfirm the results of compound identification. The percentages of monomer recovery for BPA and DMC could also be calculated by establishment of calibration curves. The retention time of peaks 1, 2, 3, and 7 in GC-FID were found to be the same as those of pure dimethyl carbonate, phenol, 4-tert-butylphenol, and bisphenol A. The retention time of each peak is listed in Table 3 . The results of GC-MS and GC analysis reveal that the monomers of polycarbonate, BPA and DMC, exist in the liquid phase and it is possible to recover monomers by methanolysis.
-Gaseous product By using a gas detector tube system (AP-20, Komyo Rikagaku Kogyo Co., Japan), the components in gaseous product could be detected. Carbon dioxide (CO 2 ) is the main product that could be found in most of the experiments. For example, at the temperature of 240 0 C, the methanol pressure was 5.71 MPa, the molar ratio of MeOH/PC equalled to 100 for 30 min, and the concentration of CO 2 was 1200 ppm. 
Effect of reaction conditions on PC methanolysis
Depolymerization of polycarbonate was carried out under temperatures between 170 and 300 0 C (corresponding to methanol pressures from 2.25 to 7.20 MPa), with molar ratio of MeOH/PC ranging from 6 to 100, and reaction times of 5 to 30 min to investigate the percentage depolymerization of PC and monomer recovery from PC by methanolysis. Percentage depolymerization of PC and monomer recovery of BPA and DMC were calculated by percentage of weight loss of PC during reaction divided by initial weight of PC and moles of monomer produced divided by moles of PC (weight of PC divided by molar mass of PC repeat unit 258) at start of the reaction, respectively.
-Effect of temperature
The percentage depolymerization of PC varies with the temperature as shown in Figure 5 . A small amount of PC was depolymerized (percentage of PC depolymerization less than 5%) when the temperature was lower than 170 0 C. As the temperature was increased to about 230 0 C and to critical temperature of methanol of 240 0 C, the percentage depolymerization of PC increased dramatically to 90% and 94%, respectively. Polycarbonate depolymerized completely in methanol when the temperature exceeded 260 0 C. This reaction was defined as subcritical state rather than critical state because the reaction pressure was lower than the critical pressure. The effect of pressure on the depolymerization of plastics could be neglected when the reaction was carried out at near critical or at supercritical state has been reported for other type of plastics, such as PET [3] or PBT [9] . The percentage depolymerization of polycarbonate can be therefore be supposed to be equal or within an acceptable deviation value from the corresponding value at critical state. The monomer recovery of BPA and DMC under the same conditions as in Figure 5 is illustrated in Figure 6 . The variation of BPA and DMC recovery with temperature is similar. Both recoveries were increased with increased temperature and reached the maximum recovery values at 240 0 C, then decreasing severely with further increasing temperature to 260 0 C. The maximum recoveries of BPA and DMC at 240 0 C are approximately 98% and 62%, respectively. Two monomers were recovered with the same recovery of 8.5% at 170 0 C. With rising temperature, the consecutive reactions of BPA and DMC occurred and the secondary products were formed.
-Effect of time Figure 7 show that the effect of reaction time on the percentage depolymerization of PC at molar ratio of MeOH/PC equals 12.5 under various temperatures. The depolymerization of PC is weak when temperatures were lower than 200 0 C, even with reaction time up to half an hour. On the other hand, polycarbonate decomposed more than 90% within 15 min if the temperature was increased to 230 0 C. When the temperature was further elevated to above 260 0 C, it took only 10 min to depolymerize polycarbonate completely. The percentage depolymerization of PC in the same period of time was only 60% and 45% at 240 0 C and 230 0 C, respectively. The effect of temperature on the depolymerization of plastics is clearly more important than reaction time.
The monomer recovery was found to be closely related to the depolymerization temperature. The result of monomer recovery at 240 0 C is shown in Figure 8 . The results for temperatures lower than 200 0 C are not shown here since we found the recovery was low, even with reaction as long as 30 min. Raising the temperature to 240 0 C, BPA recovery would reach a maximum value of about of 98% at 15 min and then decreased to 70% for reaction time of 30 min. The variation of DMC recovery with time was similar to the results of BPA at the first 15 min, except with smaller value, and remained almost constant at about 62% after this time. For depolymerization of polycarbonate at temperatures higher than 260 0 C, the time was shortened to 10 min to obtain the maximum values for both monomers but the recoveries were reduced to 88% and 45%, respectively. 
Effect of molar ratio of MeOH/PC
The percentage depolymerizations of PC as a function of molar ratio of MeOH/PC ranging from 12.5 to 50 are provided in Figure 9 . The percentage depolymerization of PC increasing with increasing molar ratio of MeOH/PC can be found in this figure. Polycarbonate may be decomposed completely at lower molar ratio values if the temperature is high enough. For example, when the molar ratio of MeOH/PC is 25, polycarbonate will be depolymerized completely at a temperature of 260 0 C. 
Conclusions
Polycarbonate can decompose easily in methanol when depolymerization is carried out near or above the critical point of methanol and it will decompose completely when temperature is higher than 260 0 C. The liquid products produced in methanolysis include two monomers of polycarbonate BPA, DMC and two other useful byproducts, phenol and 4-tert-butylphenol. Producing fewer depolymerization products and focusing on useful hydrocarbon compounds is the advantage of this experiment for recycling solid waste plastics. The percentage depolymerization of PC increase markedly as the molar ratio of MeOH/PC and reaction time increases when the temperature is above 230 0 C. The recovery of monomers BPA and DMC at first increased as the temperature, molar ratio of MeOH/PC and time increased and then declined or remained constant after passing a maximum value. It can be concluded that the optimal depolymerization condition of PC in methanol is temperature of 240 0 C MeOH/PC molar ratio of 37.5 and reaction time of 5 min. Under this condition, polycarbonate can be decomposed completely and the monomer BPA and DMC recoveries were 90.7% and 95.2%, respectively.
Experimental
Materials
Commercial DVD grade of bisphenol A polycarbonate (Makrolon DP1-1265), in pellet form and about 3.0 mm in size, was obtained from Bayer Plastics Taiwan. Properties of PC sample along with CD and extrusion grades have been published elsewhere [30] . The reagent grades of methanol, bisphenol A, dimethyl carbonate, phenol, 4-tertbutylphenol, 4-isopropylphenol, 4-tert-butylanisole, 2,2 diphenylpropane and other chemicals used as GC standards were all purchased from Acros Organics and used without further purification.
Methanolysis
Methnolysis was carried out in a 600 mL stainless steel autoclave (Parr Instrument Co., 4563 Series) equipped with pressure transducer and electromagnetic stirrer. The reactor was heated rapidly to reaction temperature by an electric heater (Parr, 4843 Series). A fixed amount of methanol was used in each experiment and kept in excess during the reaction. First, nitrogen was purged for 10 min and then the heater was turned on to heat the reactor quickly to the desired temperature. The reactor was kept at the reaction condition for specified times, and the reactor was then removed and quenched in a water-ice bath. A gas sample was collected, followed by separating the liquid product and solid residue (if any could be found). The liquid product was analyzed by gas chromatography-mass spectroscopy (GC-MS) and gas chromatography (GC). The solid residue was washed with cold methanol several times and the residue was dissolved with tetrahydrofuran (THF). The THF solution was dried in vacuum at 80 0 C for 12 hours and the solid white product was collected. The collected solid product was characterized by thermogravimetric analyzer (TGA), elemental analysis (EA), and Fourier-Transform infrared (FTIR).
Characterization
The liquid product was identified by Perkin Elmer gas chromatography (Autosystem XL) and mass spectroscopy (Q-MASS910) with HP-5MS capillary column. Helium served as the carrier gas. The temperature was held at 65 0 C for the first 2 min, then increased to 255 0 C at a heating rate of 15 0 C /min, and kept at this temperature for 10 min. Gas chromatographic analyses were carried out on a GC-8900 (China Chromatography Co., Taipei, Taiwan) fitted with DB5 capillary column and detected with flame ionization detector. 0.1 μL liquid products were injected both in GC-MS and GC operation. The main liquid products were identified with NIST Ver. 05 mass library kit and determined quantitatively by comparing the retention time with standard compound in GC-FID.
The solid sample was characterized by TGA, EA and FTIR. TGA was performed with Mettler TGA/SDTA851 e thermogravimetric analyzer under nitrogen flow of 50 mL/min. About 10 mg of sample was heated from room temperature to 120 0 C and held for 15 min, then heated to 700 0 C at a heating rate of 10 0 C/min. Elemental analysis was performed with a CHNS elemental analyzer (Perkin Elmer 2400 Series II). Helium and oxygen served separately as carrier gas and combustion gas, respectively. The EA 6000 (Perkin Elmer, tungsten oxide/zirconium oxide mixture) was used as a reference standard. FTIR spectra were collected using a Perkin Elmer Spectrum 2000 spectrometer in transmittance mode. Spectra were detected from 400 cm -1 to 4000 cm -1 and calibrated with polystyrene standards. The sample was obtained by good mixing of the solid sample with KBr, and the weight ratio was 0.01.
